Introduction
The production of biofuel as a sustainable energy source can be carried out in an environmentally friendly way by utilising heterogeneous, rather than homogeneous, catalysis involving zeolites, which would offer potential advantages, such as the elimination of the quenching step and associated aqueous waste, separation of the products, and the possibility to utilise a continuous reaction stream (Alzate et al., 2017; Esposito et al., 2017;  Tan et al., 2017; Vaccaro, 2017; Ivars et al., 2018; Kordouli et al., 2018) . Solid acid catalysts can be used to carry out the transformation of both triglycerides (TGs) and free fatty acids (FFA) simultaneously, however, such a process would require a longer reaction time and higher temperature, whereas solid basic catalysts achieve higher reaction rates in the transesterification of TGs or operate at lower temperatures (Goodwin et al., 2005; Serrano et al., 2018) . Zeolitic materials have been widely exploited in many large-scale industrial processes (AbdulAziz et al., 2016; Daud et al., 2016a; Paixão et al., 2017; Perego et al., 2017; Doyle et al., 2018; Su et al., 2019) , whereas their applications as solid bases are much less common (Yu et al., 2015; Dhepe and Chaudhary, 2017) . Our recent work demonstrated that for the transesterification of TGs over hierarchical faujasites possessing intracrystalline networks of mesopores, the zeolite composition, and hence, the strength of basic sites has a greater effect on the activity of the catalyst than the accessibility of the porous structure of mesostructured zeolites (Al-Ani et al., 2018) . The basic character of zeolites increases with rising aluminium content and higher concentration of more electropositive cations in the order Cs > K > Na > Li. Therefore, it can be expected that Kand Cs-forms of materials with lower Si/Al ratios, e.g. zeolites A (LTA structure type, Si/Al = 1), MAP (maximum aluminium P, GIS structure, Si/Al = 1), X and Y (FAU structure, Si/Al∼1.2 and 2.6, respectively) would be effective catalysts for some of the bio-refinery applications, such as transesterification and aldol condensation, which require a basic catalyst.
The purpose of the present work is to prepare, characterise and evaluate basic zeolites as catalysts in the production of biofuel. An essential part of this work is the detailed structural characterisation of basic zeolites in order to examine the role of the strength of basic sites and the accessibility of the pore network in the transformations of TGs.
This work is focused on the application of ion-exchanged zeolites with high aluminium content, such as gismondine, A, X and Y, as basic solid catalysts. The latter three materials are produced on a large scale and are widely used in ion-exchange, catalysis and separation. Gismondine, in the form of zeolite MAP with Si/Al ratio of 1.0, has also received a good deal of attention in the past owing to the unique flexibility of its crystalline framework ( Fig. 1 ) and ion-exchange properties (Vezzalini et al., 1993; Araya, 1994; Adams et al., 1995 Adams et al., , 1997 Zholobenko et al., 1998; Rohani et al., 2016; Sharma et al., 2016) . This material was utilised in high performance detergents under the commercial name Doucil A24 in 1994. The chemical composition of A and MAP zeolites is almost identical, but there are significant differences in crystal structure and morphology, particle size, pore architecture and ion-exchange capacity. The superior ion-exchange properties and nano-size of its crystals, as reported by Adams et al. (1995) , have been exploited in this work for the preparation of a basic cationrich zeolite for the production of biofuels using TGs as a model biomass-derived feedstock. To the best of our knowledge, this is the first report on a successful catalytic application of zeolite MAP.
Materials and methodology

Materials
The parent NaY (CBV-100) and NaX (13X) zeolites were provided by Zeolysts International and Sigma-Aldrich. Zeolites NaA and NaMAP were obtained from Crosfield. Potassium nitrate (99.9%) and potassium hydroxide (86%) were supplied by Fisher Scientific. Refined rapeseed oil, caesium nitrate (99%), caesium hydroxide (99%) and methyl heptadecanoate (analytical GC standard, > 99.99%) were purchased from Sigma-Aldrich. 
Preparation of the catalysts
The Cs-containing zeolites were prepared by treating the Naforms of zeolites A, MAP , X and Y with 0.5 M of solution containing CsNO 3 and CsOH (4/1 v/v) at 80
• C for 1 h. To produce K-containing zeolites, ion exchange was carried out with 0.5 M solution containing KNO 3 and KOH (10/1 v/v) under the same conditions. The exchanged zeolites were washed with deionised water and dried at 80
• C overnight. The same protocol was utilised to obtain CsK-containing zeolites. These catalysts were produced by converting the Na-containing zeolites into their Kforms and then exchanging the latter with the Cs-containing solution. Before use, the zeolites were activated in a flow of air by heating from room temperature to the desired temperatures, up to 450
• C, at a rate of 1 • C/min and holding at the final temperature for 2 h.
Catalyst characterisation
Detailed structural characterisation of all the materials utilised in catalytic reactions was carried out using powder X-ray diffraction (XRD), scanning and transmission electron microscopy (SEM and TEM), thermogravimetric analysis (TGA), temperature-programmed desorption of carbon dioxide (CO 2 -TPD), X-ray photoelectron spectroscopy (XPS), solid state nuclear magnetic resonance ( 27 Al MAS NMR) and nitrogen adsorptiondesorption measurements. A comprehensive description of catalyst characterisation is presented in Electronic Supplementary Data (ESD) and in the literature (Al-Ani et al., 2018).
Reaction and reusability studies
The catalytic studies were conducted using a Biotage Initiator+ single-mode microwave system allowing to achieve high power density inside the batch reactors, which were specially designed 10-and 20-ml glass sealed vials utilised at high temperature and pressure (up to 160
• C and 15 bar). Typically, 10 ml of rapeseed oil was reacted in a 20-ml glass vial with methanol at a 1:6, 1:9 or 1:12 molar ratio at the range of temperatures between 100-160
• C for up to 1 h with continuous stirring utilising 1-5 wt% of the zeolite (relative to the mass of oil). In addition, some experiments were repeated using a conventionally heated high-pressure reaction system, Monowave-50 supplied by Anton Paar, under continuous stirring in 10-ml glass vials as reactors at the same temperature and pressure as for microwave experiments (temperature ramp of ∼40
• C/min). At the end of the reaction, the liquid products were separated and analysed using gas chromatography and the % conversion (ester content) was determined. The selectivity towards fatty acid methyl esters (FAMEs) was calculated without taking into account the glycerol produced.
The ester content of fatty acid methyl esters in biofuel was also determined according to the standard test method EN-14103. The internal standard solution of methyl heptadecanoate was prepared with concentration of 10 mg/mL in n-heptane. 0.1 ml of the purified reaction products was dissolved in 2 ml of the internal standard solution and then injected in to the Agilent 6890 GC equipped with an FID and the same column that was used in the characterisation of oils (see Table S1 , ESD). The peak area for the ester components of the FAME C14:0 to C24:1 was used to calculate their mass fraction in percent (see Equation below):
Where C is the ester content in percent, ∑ A is the total peak area from C14:0 to C24:1, AEI is the peak area of internal standard solution, CEI is the concentration of internal standard solution in mg/ml, VEI is the volume of internal standard solution in ml and m is the mass of sample in mg.
The turnover frequencies were calculated from the conversion values corresponding to 15 min reaction time and the number of basic sites obtained from CO 2 -TPD experiments described in ESD.
Following the transesterification reaction, the catalyst was separated, washed with methanol 3 times and dried overnight at 60
• C. The dried zeolite was calcined under the same conditions as prior to the initial reaction and utilised again in the transesterification of rapeseed oil. The same reaction conditions were used in the consecutive runs for the recycled catalyst.
Results and discussion
Structural characterisation of Na-forms of the parent zeolites, which are standard commercially available samples, reveals typical features of these materials including small particle size and water loss upon heating (see Fig. 2 and Fig. S1, ESD) .
TGA data for the hydrated NaMAP sample (Fig. 2) showed ∼20 wt% loss of water between 25 and 350
• C, corresponding to 16 H 2 O molecules per unit cell (u.c.). Both TGA and DTA indicated a three-stage water desorption, which has been assigned to the presence of different phases of zeolite MAP and different locations of H 2 O molecules in the structure. ∼4 wt% of water desorbed below 70
• C (3.5 mol/u.c.) is probably removed from mesopores rather than from the micropores indicating that the actual u.c. composition is Na 8 Al 8 Si 8 O 32 ∼13 H 2 O in agreement with previous study (Zholobenko et al., 1998) .
K-forms of these zeolites also demonstrate high thermal stability up to at least 450
• C and crystallinity (Fig. S2) , although a significant line broadening is observed in the XRD patterns of zeolite MAP (Fig. 3 and Fig. S2, ESD) , which is due to the small size of its crystalline domains (see below). For the KMAP zeolite, a noticeable decrease in intensity of the XRD patterns is observed following its calcination at elevated temperatures, particularly above 350
• C, which could be attributed to the significant structural changes taking place upon hydration-dehydration of this material around 300
• C, as reported previously (Vezzalini et al., 1993; Zholobenko et al., 1998) . Hence, the activation temperature for zeolite MAP prior to the reaction studies has been limited to 320
• C. 27 Al MAS NMR spectra for Na-forms of the studied zeolites (Fig. 4) , show virtually no signal from extra-framework aluminium at ∼0 ppm, which would have been indicative of the six-coordinate aluminium. The only intense Al signal detected at ∼60 ppm is assigned to tetrahedrally coordinated species (Al tetr ), although the Al tetr peak for NaMAP is asymmetrical, which is probably related to the aforementioned structural transitions in this zeolite caused by hydration-dehydration. The high ionexchange capacity of the MAP zeolite, associated with the maximum Al content, allows the incorporation of a maximum amount of electropositive cations, such as K and Cs, thereby increasing the basicity of the framework oxygen (Al-Ani et al., 2018; Busca, 2017) . In contrast, the degree of ion-exchange in zeolites A, X and Y is limited as some Na cations are located in small cages, including D6R and D4R units. This is supported by the chemical composition data for the studied ion-exchanged zeolites presented in Table S2 . The reaction studies (Fig. S3 ) carried out in a microwave batch reactor using K-containing zeolites MAP and A have shown a considerably higher activity as compared to the typical literature values (Barthomeuf, 1984; Blasco and Sánchez-Sánchez, 2009; Gedanken et al., 2016) . Indeed, for KMAP, conversion over 90% at relatively low methanol to oil ratios is achieved after 15 min of reaction time with only 5 wt% of the catalyst at 160
• C (Fig. 5 and Fig. S4 ), whereas, conversion over 90% with ∼100% selectivity towards fatty acid methyl esters (FAMEs) has been reported for Fig. 4 . 27 Al NMR spectra of NaA, NaMAP, NaY and NaX zeolites.
K 2 O/NaX after 7 h of the reaction time (Romero et al., 2016) . Overall, zeolite KMAP shows a higher activity in transesterification than KA, KX and KY type also demonstrating good recyclability and resistance to deactivation for three consecutive runs (Table 1 and Fig. 6 ). These findings are in good qualitative agreement with the chemical analysis data presented in Table S1 . Indeed, zeolites A and MAP have the highest Al content (Si/Al = 1) and the degree of ion-exchange of sodium for potassium cations is the highest for zeolite MAP with K/Al ratio of ∼0.90. It should be noted that following the introduction of Cs cations into the Na-forms, the activity of faujasite type catalysts decreases, which can be explained by the lower degree of ion-exchange due to greater size of the Cs cations and almost no increase in the activity of CsKMAP and CsKA zeolites is observed as compared to their potassium forms (see Table 1 ). It could be expected that Cs-containing zeolites would be the strongest basic catalysts with the best performance in the transesterification reaction. However, in general, K-forms of the studied zeolites either matched the activity of their Cs-containing counterparts, or exceeded it (in the case of faujasites). This can be explained by a rather low degree of Cs-exchange, partial degradation of the zeolite structure or pore blockage due to the relatively severe conditions required for the introduction of Cs and by the formation of stable caesium carbonate species. Although utilising microwave irradiation can lead to a faster and more efficient heating of the reaction mixture, possibly minimising the ''wall effects'' and suppressing the formation of byproducts, our complementary studies using conventional heating mode in the Monowave 50 system have shown the conversion levels only ∼2% lower for the K-forms of zeolites A, MAP and X, which are within the experimental error margin. In addition, no unusual changes in the products distribution that could be attributed to the so-called microwave effects have been observed. The only significant difference discerned was the time required to reach the reaction temperature of 160
• C, this was ∼1 min for the microwave reactor and ∼4 min for the conventionally heated system.
The characterisation of basic sites in zeolites can be performed using a number of approaches, such as adsorption of probe molecules monitored by FTIR spectroscopy, XPS measurements and temperature programmed desorption of carbon dioxide (CO 2 -TPD). FTIR spectra of test-molecules adsorbed on the cationic forms of zeolites have been reported in the literature (Barthomeuf, 1984; Blasco and Sánchez-Sánchez, 2009 ), however, to the best of our knowledge this approach has not been applied to small-pore zeolites, such as MAP, and in general, only qualitative comparison of zeolites with similar structures, e.g. faujasites, has been successfully undertaken. Hence, the characterisation of the zeolite basic sites in this work has been based on the CO 2 -TPD (Heidler et al., 1996; Hunger and Klepel, 2005; Wattanakit et al., 2017) and XPS analyses (Gruenert et al., 1994) . The CO 2 -TPD data summarised in Fig. 7 and Table S3 indicate that zeolite KMAP has the strongest basic sites (the highest T max value of 290
• C); this can be explained by the greater negative charge on framework oxygen in KMAP owing to the high concentrations of of the external surface, indicating that a considerable fraction of CO 2 can access the micropores of zeolites A and MAP under the experimental conditions at 100
• C, hence reducing certainty in the determination of the number of active sites, since the zeolite micropores are unlikely to be accessible to TG molecules. Indeed, our recent work demonstrates that the introduction of intracrystalline mesopores (∼4 nm) in faujasites does not lead to an improvement in their catalytic performance in the transesterification of TGs, which is largely dependent on the strength of basic sites, as methanolysis of TGs would require stronger basic sites as the pK a of methanol is ∼15.5. However, the access to the porous structure of the hierarchical zeolites is important in other zeolite for biodiesel production and bio-based platform chemicals (Daud et al., 2016b; Alaba et al., 2017; Wattanakit et al., 2017) .
The strength of the basic sites on the external surface, which should determine the catalyst activity in the transesterification reaction, has been also assessed using XPS. As the basicity of the framework oxygen increases, reflecting its ability to donate an electron pair, the binding energy (BE) of the O 1s electrons would decrease (Gruenert et al., 1994) . Indeed, as the data in Fig. 8 show, the O 1s BE decreases from 531.9 eV for KY (which demonstrates the lowest activity in the methanolysis of TGs) to 530.6 eV for KMAP and KA (which demonstrate the highest activity). The differences in the O 1s BE for the studied zeolites appear to be largely determined by their Si/Al ratio, which is the highest for zeolite Y (Si/Al = 2.5) and the lowest for zeolites A and MAP (Si/Al = 1). It should be noted that the zeolite activity in the transesterification reaction would also be affected by the accessibility of the active sites on the external surface, which would be greater for the MAP samples (see Table S2 ).
An important insight into the catalytic behaviour of zeolite MAP comes from the high resolution TEM imaging (Fig. 9 ). In accord with the published work (Adams et al., 1995) , TEM data demonstrate the nano-scale features of this material with the size of the crystallites being ∼20 nm. This is in excellent agreement with the size of crystalline domains (18-20 nm) obtained from the XRD data using Scherrer equation; indeed, a significant line broadening for NaMAP can be seen in Fig. 3a (the TEM image of NaY zeolite is also presented in Fig. S.7 for comparison) . Importantly, the crystallite size of MAP is ∼5-10 times smaller than that for zeolites X and Y (Table S4 ) resulting in a relatively high value for the external surface area of zeolite MAP, which may explain its high catalytic activity despite the fact that its micropores are inaccessible for the reacting molecules.
Conclusions
In summary, the application of zeolite based catalysts in the synthesis of biofuel can offer a greener production route potentially eliminating the need for corrosive chemicals and additional purification steps, and reducing the amount of aqueous waste. Nano-crystalline zeolite MAP and high aluminium content zeolites A, X and Y ion-exchanged with K and Cs have been utilised as highly active and selective catalysts in the transesterification of triglycerides demonstrating high activity and selectivity. The modified zeolites have been characterised by X-ray diffraction, scanning and transmission electron microscopy, TGA, CO 2 -TPD and XPS. The data suggest that the enhanced catalytic performance of the K-form of zeolite MAP can be assigned to its high basicity, resulting from the high Al content and unique ionexchange properties as well as nano-particle morphology with a relatively high external surface area available to the reacting species. This work highlights the potential of nano-sized zeolites for catalytic applications.
